Abstract-In this paper, we evaluate the performance of Multicarrier-Low Density Spreading Multiple Access (MC-LDSMA) as a multiple access technique for mobile communication systems. The MC-LDSMA technique is compared with current multiple access techniques, OFDMA and SC-FDMA. The performance is evaluated in terms of cubic metric, block error rate, spectral efficiency and fairness. The aim is to investigate the expected gains of using MC-LDSMA in the uplink for next generation cellular systems. The simulation results of the link and system-level performance evaluation show that MC-LDSMA has significant performance improvements over SC-FDMA and OFDMA. It is shown that using MC-LDSMA can considerably reduce the required transmission power and increase the spectral efficiency and fairness among the users.
I. INTRODUCTION
Next generation mobile communication systems are expected to provide high-date rate services, which requires more advanced and spectral-efficient multiple access techniques. In this regard, multicarrier transmission has been considered as a promising technique for broadband wireless communication [1] . Orthogonal Frequency Division Multiple Access (OFDMA) is one of the major multicarrier transmission techniques that has been adopted as the core technology in existing and upcoming mobile communication standards, such as the 3rd Generation Partnership Project Long Term Evolution (3GPP-LTE) standard [2] , and Worldwide Interoperability for Microwave Access (WiMAX) [3] . Single Carrier Frequency Division Multiple Access (SC-FDMA) [4] is a modified form of OFDMA, which has been accepted as an uplink scheme for 3GPP-LTE. SC-FDMA benefits from low envelope fluctuations comparing to OFDMA making it suitable for uplink transmission by user equipment.
A new multiple access concept based on low density spreading has been introduced in [5] to manage the multiuser interference and allow overloaded conditions with affordable multiuser detection complexity. The Low Density Spreading Multiple Access (LDSMA) concept has been extended to multicarrier communication to cope with multipath channel effect. In Multicarrier-LDSMA (MC-LDSMA), the spreading is done with a low density spreading codes with only small number of non-zero chips in each code. Therefore, every data symbol will only be spread on a small subset of subcarriers, and every subcarrier will only be used by a small subset of data symbols that could belong to different users.
In this way, MC-LDSMA technique will be able to exploit the channel and the multiple access interference diversities over the frequency domain. The diversity gain can improve the link-level performance in terms of Block Error Rate (BLER). Furthermore, as there is no exclusivity in the subcarrier allocation like in OFDMA and SC-FDMA, there is plenty of room to exploit the high degree of flexibility of subcarrier allocation. This resource allocation flexibility can utilized by efficient radio resource allocation scheme to enhance the system-level performance such as the spectral efficiency, the number of supported users and fairness among users. Considering these advantages, MC-LDSMA represents a strong candidate for next generation cellular system as a multiple access technique.
In this paper, we will evaluate the performance of MC-LDSMA and compare it with current multiple access techniques; namely SC-FDMA and OFDMA. The aim is to investigate the expected gains of using MC-LDSMA in the uplink for next generation cellular systems. The comparison will be done in Cubic Metric (CM) , link-level and systemlevel performance through extensive Monte Carlo simulations. Cubic Metric has been proposed recently as a measure of the envelope fluctuations which can predict the power de-rating more accurately [6] , [7] . The main simulation parameters are used to match the 3GPP-LTE standard. It will be shown that MC-LDSMA outperforms OFDMA in CM, link-level and system-level performance. On the other hand, MC-LDSMA has CM higher than SC-FDMA, which is compensated by better link-level performance making MC-LDSMA outperforms SC-FDMA. Also, MC-LDSMA outperforms SC-FDMA in the system-level performance. The results show that using MC-LDSMA can significantly improve the system performance in terms of required transmission power, cell coverage, number of supported users in the cell and users' data rates. This paper is organized as follows: Section II presents the MC-LDSMA system architecture. The CM and link-level performance evaluation are provided in section III. In section IV, we evaluate and compare the system-level performance for the considered multiple access techniques. Finally, section V is devoted to concluding remarks. 
II. MC-LDSMA SYSTEM MODEL
In this section, a single cell uplink MC-LDSMA system model is presented. The conceptual block diagram of an uplink MC-LDSMA system is depicted in Fig. 1 . We consider a system with a set of users K = {1, · · · , K} transmitting to the same base station where the base station and each user are equipped with a single antenna. The total frequency band is divided into a set of subcarriers N = {1, · · · , N }. A user k ∈ K can transmit over a subset of the subcarriers, with transmission power p k,n over subcarrier n ∈ N subject to individual maximum power constraints P k :
Let a k be a data vector of user k consisting of M k modulated data symbols and denoted as;
The signature matrix S k assigned for the kth user consists of M k Low Density Signatures (LDS);
Where each LDS signature, s k,m ∈ C N ×1 , is a sparse vector consisting of N chips. Among these N chips only d v chips have non-zero values, where d v is the effective spreading factor. Each data symbol a k,m will be spread using the mth spreading sequence. Let
T denote the chips vector belongs to user k after the spreading process, which is given by;
So, the whole system's signature matrix has N rows and M columns each containing a unique spreading sequence, where M can be calculated as follows;
The system overloading, which is the ratio of the number of transmitted symbols to the total number of subcarriers, will be; The main advantage of the low density spreading is that the system overloading can be more than 100% with affordable complexity and close to single user performance. Each user's generated chip will be transmitted over a subcarrier of the OFDM system. Fig. 2 illustrates the MC-LDSMA principle by an example of a system with four subcarriers (N = 4), serving three users (K = 3) with two data symbols per user
, which means 150% overloading.
Here the effective spreading factor is two (d v = 2) and each three chips sharing one subcarrier (d c = 3), where d c denotes the number of users interfere in each subcarrier. The figure shows in more details the process of low density spreading.
As it can be observed that each chip represents a subcarrier of OFDM modulation and the data symbols using the same subcarrier will interfere with each other. As users are not bound to exclusively use the subcarriers, at the receiver side users' signals that are using the same subcarrier will be superimposed. However, the number of users interfere in each subcarrier is much less than the total number of users, d c ≪ K. At the receiver side, after performing OFDM demodulation operation, the received signal is given by;
where v is the Additive White Gaussian Noise (AWGN) and H k is the frequency domain channel transfer function of user k;
where h k,n is the channel gain of user k on subcarrier n. This signal y is passed to LDS multiuser detector (MUD) to separate users' symbols. The LDS structure can be captured by a low density graph, thus the detection of MC-LDSMA can be done using close to optimum chip-level iterated MUD based on Message Passing Algorithm (MPA) presented in [8] .
The complexity of the multiuser detection for MC-LDSMA will turn out to be O(|X| dc ), which is significantly reduced comparing to complexity of order O(|X| K ) for optimal multiuser detection, where X denotes the constellation alphabet. More details regarding the LDS receiver can be found in [8] . 
III. CM AND LINK-LEVEL PERFORMANCE
In this section, the CM and the link-level performance of MC-LDSMA is evaluated and compared with OFDMA and SC-FDMA.
A. CM Comparison
The problem of high CM is more critical for uplink due to the limited power at the user equipment. Low CM comparing to OFDMA was the major reason for adopting SC-FDMA as multiple access technique for 3GPP-LTE. So, it is crucial to evaluate the CM of MC-LDSMA and compare it with OFDMA and SC-FDMA. The complementary cumulative distribution function (CCDF) is used as a measure of the CM. The CCDF of CM denotes the probability that CM exceeds a certain value CM 0 , (P r{CM > CM 0 }). In addition to the CCDF curves, we will compare the CM values that are exceeded with probability less than 0.1%, 99.9-percentile CM, which is defined by P r(CM > CM 99.9 ) = 10 −3 [9] . The CCDF of CM is calculated by Monte Carlo simulation. In practical systems, the user allocated subcarriers that grouped into basic units called Resource Blocks (RB) [10] . Considering that the number and the distribution of RBs allocated to the user affects the CM [11] , we generated the results for different number of RBs per user. Also, all the possible distributions for the allocated RBs will be considered, however, for SC-FDMA only adjacent RB allocation is considered. The simulation parameters used for CM evaluation are listed in Table I . Considering that MC-LDSMA uses spreading, the allocated RBs per user will be more than OFDMA and SC-FDMA. The CM of OFDMA and MC-LDSMA is the same for different modulation orders, hence, only the results of 16QAM modulation is presented. Figure 3 shows the CCDF curves of the CM and Table II lists the 99.9-percentile CM values that each signal experiences. It can be seen from the figure that MC-LDSMA has CM lower than OFDMA. MC-LDSMA has 99.9-percentile CM 1.15 dB less than OFDMA. On the other hand, comparing to SC-FDMA, MC-LDSMA has higher CM values especially for the QPSK modulation. For the worst case (QPSK modulation), MC-LDSMA has a 99.9-percentile CM 3 dB more than SC-FDMA. Consequently, MC-LDSMA requires 3 dB more backoff to avoid the non-linear region of high-power amplifiers. This shows SC-FDMA outperforms MC-LDSMA in the CM. However, as we will show in the next section, this loss will be compensated by better link-level performance. 
B. Link-Level Comparison
Here, we present the link-level performance comparison between the three multiple access techniques in terms of BLER. As shown earlier in the CM evaluation, the highest gain of SC-FDMA over MC-LDSMA is with QPSK modulation. Therefore, here we will focus on the BLER performance for QPSK modulation. The simulation parameters are listed in Table III . The aim is to show the gains achieved by frequency diversity due to the spreading used in the MC-LDSMA technique. Figures 4 and 5 show the BLER versus Eb/N 0 (energy per bit to noise power spectral density ratio) for OFDMA, SC-FDMA and MC-LDSMA. It can be observed from Fig. 4 that SC-FDMA and OFDMA have the same BLER performance. As only one RB is allocated to each user, the same frequency diversity is achieved by both systems. However, MC-LDSMA achieves better performance due to the frequency diversity gained by spreading on more than one resource block. On the other hand, in Fig. 5 we can see that OFDMA achieves better BLER comparing to SC-FDMA. This can be easily justified by taking into account that in SC-FDMA the RBs allocated to each user has to be adjacent [12] , while in OFDMA the allocated RBs can be distributed. Consequently, the achieved frequency diversity is higher in OFDMA, which resulting in better link-level performance. MC-LDSMA maintains its superiority to OFDMA and SC-FDMA. For the Quality of Service (QoS) classes defined in 3GPP-LTE [13] there are three BLER thresholds; 10 −2 , 10 −3 and 10 −6 . Table IV lists the required Eb/N 0 to achieve the BLER threshold averaged over all the simulated cases. As we can see from the results, MC-LDSMA achieves significant gains in the required Eb/N 0 for the BLER thresholds, especially for low BLER thresholds. It is worth mention that the 10 −2 BLER threshold is only required by the conversational service and all the other services require the other two BLER thresholds.
Considering the CM and link-level performance results, we can conclude that MC-LDSMA outperforms OFDMA in CM and link-level performance. On the other hand, comparing to SC-FDMA, MC-LDSMA has higher CM values, especially for QPSK modulation. Nevertheless, the loss due to the required back-off is compensated by better link-level performance making MC-LDSMA outperforms SC-FDMA. Table V lists the net gain, for QPSK modulation, achieved by MC-LDSMA over SC-FDMA and OFDMA considering the CM and linklevel performance. As it is clear from the table, MC-LDSMA achieves high gains over SC-FDMA and OFDMA. So, by using MC-LDSMA technique the overall required transmit power can be reduced comparing to SC-FDMA and OFDMA. This power saving will be reflected on the battery life of the user equipment and cell coverage can be increased. 
IV. SYSTEM-LEVEL PERFORMANCE
In multiuser systems, radio resource allocation plays a key role in optimizing the performance of multiuser systems by exploiting the frequency and multiuser diversity gains. Power and subcarriers should be allocated to the users in a way that trade-off between the spectral efficiency and fairness. In general, fairness is necessary when there is a limited resource that has to be simultaneously shared between many users. The fairness problem is prominent in the wireless communication systems where it is more spectral-efficient to allocate the resource to the users close to the base station, which is not fair to the users far from the base station. Consequently, more effort to serve the cell-edge users should be done. This can be achieved by assigning weights to prioritize the users, where users with bad channel conditions will be assigned higher weights to give them more priority in the allocation algorithm. So, the optimization problem for radio resource allocation can be formulated as weighted sum-rate maximization as follows;
subject to:
where w k is the weight associated with user k and r k,n (p k,n ) is the rate of user k on subcarrier n. u k,n is the subcarrier allocation index, where u k,n equal to 1 if subcarrier n allocated to user k and 0 otherwise. In addition to the power constraint (8), each multiple access technique has a specific constraint on the optimization problem in (7). For OFDMA and SC-FDMA, there is an exclusivity constraint on the subcarrier allocation where the subcarrier cannot be allocated for more than one user. The exclusivity constraint can be formulated as follows;
This constraint brings down the system capacity as the subcarriers allocated to a user cannot be used by another user in the same time. Another constraint for SC-FDMA is that users can only be allocated subcarriers that are adjacent [12] , which make it less efficient in utilizing the channel diversity. As been pointed out before, for MC-LDSMA, there is no exclusivity in the subcarrier allocation and up to d c users can share the same subcarrier. So, the exclusivity constraint in (9) can be replaced by more relaxed one for MC-LDSMA as follows;
This subcarrier allocation flexibility in MC-LDSMA can significantly improve the system spectral efficiency by allowing the subcarrier to be reused by other users. By allowing more users to share the same subcarrier, the spectral efficiency can be increased. However, there is a limitation on the value of d c as the receiver complexity will be increased by increasing d c . Therefore, it is essential to balance between the system spectral efficiency and receiver complexity to achieve the desired performance. In our system-level performance evaluation of MC-LDSMA, we will chose different values of d c to see the effect on the spectral efficiency. In this section, the system-level performance of MC-LDSMA is compared with OFDMA and SC-FDMA under dynamic resource block allocation. Spectral efficiency and Jain's fairness index are used as the performance evaluation metrics. Equal power allocation over the allocated resource blocks is used. The radio resource allocation algorithm we proposed in [14] will be used here. For OFDMA and SC-FDMA, the algorithms proposed in [15] and [12] will be used, respectively. We have considered a hexagonal cell with 1 km radius and assumed that users' locations are randomly generated and uniformly distributed over the cell. The maximum transmit power of each user is 23 dBm and the system bandwidth is 5 MHz consisting of 25 resource blocks. The link gain between the base station and a user is given as the product of path loss, shadowing and fast fading effects. ITU pedestrian B channel model [16] is adopted for generating fast fading and the simplified model [17] for the path loss. Lognormal shadowing is considered with mean value 0 and standard deviation of 8 dB. The noise power spectral density is assumed to be −173 dBm/Hz. The users' weights are calculated as a function of the users' path losses to ensure fairness among the users by giving high priority to users far from the base station (cell-edge users). For MC-LDSMA system, the number of users per subcarrier (d c ) is chosen to be between 2 and 6. Figure. 6 shows the spectral efficiency versus the total number of users for MC-LDSMA, OFDMA and SC-FDMA. As it can be observed from the figure, higher spectral efficiency is achieved by MC-LDSMA comparing to OFDMA and SC-FDMA. Specifically, when the total number of users increased, OFDMA and SC-FDMA techniques become less competitive comparing to MC-LDSMA. The reason behind MC-LDSMA superiority is the non-exclusivity in the subcarrier allocation, which results in two advantages. First, the subcarriers that allocated to the cell-edge users to achieve fairness can be allocated to the users close to the base station, which results in the high spectral efficiency. The second advantage is that MC-LDSMA is capable of supporting users more than the number of available resource blocks (N RB ) at the same time, which increase the sum of users' transmitted power. On the other hand, OFDMA and SC-FDMA cannot support more than N RB users simultaneously due to the allocation exclusivity. Also, the subcarriers used by the cell-edge users cannot be allocated to the users with good channel conditions.
In order to evaluate the fairness among the users, Fig. 7 shows Jain's fairness index for the three multiple access techniques, which is given by [18] :
As the figure shows, MC-LDSMA is much fair comparing to OFDMA and SC-FDMA over all the simulated number of users (K). This is due to the fact that cell-edge users can achieve more rates with MC-LDSMA technique. Even for a small number of users, where the spectral efficiency gain is low, the gain of using MC-LDSMA is evident from the fairness performance evaluation. As the results show, for MC-LDSMA, when the number of users per subcarrier (d c ) is increased more spectral efficiency and fairness can be achieved. However, at high values of d c the improvement in the system performance is marginal with the increase of d c , especially the spectral efficiency. For example, as Fig. 6 shows, d c = 5 achieves almost the same spectral efficiency as d c = 6. This suggest that high values of d c are not necessary, and the receiver complexity can be kept affordable. In fact, the number of users per subcarrier can be adjusted to trade-off between system-level performance and receiver complexity. These improvements in the system-level performance can be translated into an increase in the number of supported users in the cell and users' data rates and cell coverage.
Considering the results altogether, the following main conclusions can be derived: MC-LDSMA achieves superior performance comparing to OFDMA and SC-FDMA in linklevel and system-level performance. MC-LDSMA requires less transmission power to achieve the BLER threshold comparing to SC-FDMA and OFDMA. Higher spectral efficiency and fairness can be achieved with MC-LDSMA. These gains can increase the battery life of the user equipment, cell coverage, number of supported users in the cell and users' data rates.
V. CONCLUSION
Next generation mobile communication systems demands high spectral-efficient multiple access techniques. In this paper, we have investigated the expected gains of using MC-LDSMA as a multiple access technique for next generation mobile communications. We evaluated the performance of MC-LDSMA and compared it with SC-FDMA and OFDMA using CM, link-level and system-level performance metrics through extensive Monte Carlo simulations. The numerical results showed the superiority of MC-LDSMA performance over SC-FDMA and OFDMA. It is shown that using MC-LDSMA can reduce the required transmission power and increase the system spectral efficiency and fairness. Consequently, significant improvements can be achieved in terms of the battery life of the user equipment, cell coverage, number of supported users in the cell and users' data rates. Owning these advantages, MC-LDSMA represents a strong candidate for next generation mobile communication systems as a multiple access technique.
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